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scratcli the face of tlie crystal. It was found that if it required a 
load of one to produce scratcli ing parallel to the edge of a face of the 
cube, a load of 1*3 was necessary parallel to a diagonal. Looked at 
broadly, it will be seen by reference to the figure that the effect of a 
force acting parallel to a diagonal should be to that acting parallel 
to a side, as 1 : \/2, i.e., as 1 : 1*414. Considering how complicated 
the problem actually is, this correspondence is quite as close as could 
possibly be expected. 

By several distinct lines of argument, resting on the study of 
molecular volumes, of the density of solutions, of the symmetry and 
physical characters of crystals, we have been led to the same result ; 
given the atomic volumes in the ratios we Lave assigned to them, no 
other was possible ; and we may now with greater confidence 
proceed to the investigation of other diatomic compounds, which 
will be found to throw a surprising light on the molecular tactics of 
crystals. 
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The haloid compounds of silver offer more points of interest in the 
study of crystal tactics than those of the alkalis, especially as they 
include that remarkably anomalous substance — iodide of silver. 

Silver itself crystallises in the cubic system, and possesses the 
same kind of structure as all other metals which possess cubic 
symmetry, i.e., its atoms are arranged on the plan of most open 
packing : unlike the alkali metals it undergoes no change of volume 
on. entering into combination. Its atomic weight is 107'93 ; its 
density has been differently determined by different observers, for 
silver heated in vacuo Du.mas found 10'512, and Roberts-Austen 
10°57; we take the mean of these numbers 10'541. The atomic 
w^eight, 107*938, divided by 10'541, gives 10'233, the gross atomic 
voKime. Prom this the diameter of the atomic sphere is found to be 
2*171525 and its volume 5'3616. 

Both the chloride and bromide crystallise in the cubic system^. 
and are regarded from analogy as possessing the same crystalline 
structure and symmetry as the corresponding salts of potassium and 
sodium. 

The specific gravity of silver chloride is obtained from the solid 
after fusion. The latest determinations give for silver chloride a 
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specific gravity of from 5'517 to 5*594, and for silyer bromide from. 
6*215 to 6'425. Data for calculation are given in tlie table :— 



Ag.. 

AgCl 

AgBr 

AgT, 


M. W. 


Speeifio 
gravity. 


Gross 
volume. 


Diameter of atomic 

sphere or edge of 

crystal cubelet. 


107-938 
143 -391 

187 -901 

284 -798 


10 -541 
5-517 
5-594 
6-215 

6-425 
5 675 


10 -233 
26 -249 
26 -615 
30-233 
29 -246 
41 -374 


2 *1715 
4 -7175 (a) 
4-7395 (h) 
4-9452 (a) 
4-8907 (b) 




Salt, gross volume. 


Silver, gross volume. 


Difference of gross volume. 


AgOl .... 26 -249 
26 -615 

AgBr.... 29 -246 
30 '233 

Agl 41-374 


10 -213 

5J 


16 -036 chlorine (a) 
16-402 „ (b) 

19 -033 bromine (a) 

20 -02 „ (b) 
81 * 141 iodine. 



We are now in a position to compare tbe diameter of atoms of 
silver in tlie free state and in combination. The diameter of chlorine 
being taken as 2*4964, the valne fonnd in Part I, and tbat of 
bromine 2*801, its value in sodium, bromide, we obtain from Pro- 
fessor Miers' forrnnla — ■ 

Diameter of Ag in — 
AgCl. AgBr. 

(a) 2-2279 (a) 2-1784 

(6) 2*2399 (5) 2^307 

Tbe results for (a) and (h) correspond to tbe different specific 
gravities (a) and (h) given above, and obtained by different 
observers. 

The differences between tbe diameters (a) of silver in combination 
and that it possesses in the free state are not great. 

On comparing the gross volumes of tbe haloids given above witli 
their gross volumes in the haloid compounds of the alkalis, it will 
be observed tbat tbe gross volume of bromine in silver and sodium 
bromides is closely correspondent ; this is because the atomic volumes 
of sodium and silver have nearly the same relative value. 

Silver iodide, to which we now turn, is one of the most interesting 
substances we bave yet encountered, and most important results 
follow from its study. At ordinary temperatures it does not present 

Y 2 
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itself in tlie cubic system, but in bemimorphic bexagonal crystals. 
For tbis reason we cannot, by the method we have previously em- 
ployed, calculate the diameters of its component atoms, but a refer- 
ence to the preceding table will show that the gross volume of the 
iodine is not greatly in excess of that which it possesses in sodium 
iodide, so that in all probability its atomic volume is the same, or 
sufficiently similar to serve as basis for argument. The diameter of 
the silver atom is then 2*1715, that of the iodine 3'1905. The ratio 
of the diameter of the silver to that of the iodine falls consequently 
below the limiting rates of 0*7286 : 1*0. The exact ratio both for 
this and the constituents of the other silver compounds is given in 

the following list : — ■ 

Ratio of 
diameters of atoms, 

Ag : CI = 0*8928 : 1 
Ag : Br = 0*7761 : 1 
Ag : I =: 0-6894 : 1 

From this it is evident that while the chloride and bromide are well 
within the 0*728 limit, the iodide lies outside it ; and it follows from 
our hypothesis that while the two former salts may be, as they are, 
cubic, the iodide should not, but might be hexagonal hemimorphic, 
as it is. 

When silver iodide is heated it contracts along the vertical axis (c) 
and expands in directions normal to this, till at a temperature of 
146° C. it passes jper saUum into the cubic system, and then with 
further rise of temperature expands uniformly. The transition 
from the cubic to the hexagonal system on cooling is accomplished 
almost with explosive violence, fragments of the solid iodide are 
projected into the air, and deep clefts extend into its substance. 
How on the basis of our reasoning is this curious transformation to 
be explained P Only on the supposition that the atomic volumes 
expand as the temperature of the substance rises ; the mass, as a 
whole, may contract, as it certainly does, but this is to be accounted 
for by a change in the relative position of the atoms, the atomic 
volumes themselves must be conceived as all the time expanding. 
But it may be asked, is there any reason why the iodine and silver 
should expand at the same rate, and if not, which is the more likely 
to possess a higher coefficient of expansion, the iodine or the silver 
atom ? The probabilities are all in favour of the iodine. The co- 
efficient of expansion of silver in the free state is 0*000087 from 0° 
to the melting point, and 0*00002 from 0° to 100° 0. That iodine 
has an immensely greater coefficient may be judged from the chano-e 
in its specific gravity with rise of temperature, thus at 40*3° 
its sp. gr. is 4*917 ; at 60°, it is 4*886 ; at 79*6°, it is 4*857 ; at 107°, 
just before it liquefies^ it is 4*825; after liquefaction, it is 4*004; 
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and at 151^, a point jusfc above tlie temperature at wliicli the hex- 
agonal form of silver iodide is exchanged for the cubic, it is 3*866. 

We may fairly therefore attribute the greater expansion to the 
iodine, the silver probably undergoing but slight increase in bulk. 
In what way does this help ns? If the disparity between the 
volumes of the atoms were originally the cause which determined 
the silver iodide to assume hexagonal instead of cubic symmetry, 
how, by increasing this disparity, shall we render it cubic ? I^othing 
can be simpler. By the time the substance has reached 146° 0. the 
atomic volume of the iodine has become so great relatively to the 
silver that the latter is lost in the interstices, and it is the iodine 
alone which is directly operative in supporting the crystalline 
edifice. Here we have a basis for calculation. If the iodine thus 
forms the framework of the crystal, it must be, as we shall show 
later, because it is packed on that open system which we have 
already described and illustrated in the first part of this communi- 
cation. From this the diameter of the iodine spheres can be calcu- 
lated. 

The volume of silver iodide, as deduced from Rodweirs data, is 
40*67, just above 142°, the point which Rodwell gives as the critical 
temperature for the change of system. Supposing, as we have 
already stipulated, that the iodine is built up in most open cubic 
packing, we find from this volume the number 3'439 as the length 
of the diameter of the iodine atom. 

We shall make important use of this nuniber directly, but we 
must first endeavour to find a probable structure for the silver iodide 
when crystallised in the hexagonal system. 

It will conduce to clearness to avoid discussion at this stage, and 
to describe at once the structure which I am led to think is the onlv 
possible one consistent with the crystalline and physical properties 
of the compound. Let us regard the silver and iodine spheres as 
directly united together to form molecules of Agl ; conceive these 
placed on a horizontal plane with their major axes vertical, and dis- 
posed in triangular order as in the diagram (fig. 1). The balls must 
not be in contact laterally, but separated by definite regular intervals ; 
over this first sheet place a second similarly formed, and so related to 
the first that the silver atoms rest in the alternate intervals left between 
the lower set of iodine balls taken in threes (fig. 2). The assemblao*e 
so produced will be homogeneous, hexagonal, and hemimorphic. Ifc 
represents silver iodide as it exists at ordinary temperatures. J^ow, 
bearing in mind the fact that every silver atom rests in the interval 
between three iodine atoms, let the latter enlarge to a slight extent, 
and simultaneously retreat from each other along the horizontal 
plane to a small but uniform amount. This corresponds to the 
expansion along the lateral axes on heating. But as a result of this 
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Pia. 1. 




Plan of first sheet of molecules of Aofl. 




One molecule of Agl shown in eleyation. 



Pia. 2. 




Plan showing two sheets of molecules of Agl. 
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expansion the atoms of silver will descend deeper and deeper 
between tTie atoms of iodine, and the distance between successive 
sheets in a vertical direction will diminish. This corresponds to 
contraction along the vertical axes with rise of temperature. On 
this hypothesis the anomalous contraction of silver iodide ceases to 
be an anomaly, but follows as a natural, though by no means neces- 
sary, consequence of its crystalline structure. 

At the critical point, when the hexagonal is exchanged for 
cubic symmetry, the atoms of iodine possess, as already shown, a 
diameter of 3*439. Let them be represented in plan in the relative 
positions they must occupy for open cubical packing. They are 
shown in fig. 4 by a section taken at right angles to a trigonal 
axis. 

Measured along the edge of the cube, the intervals between the 
atoms from centre to centre must, on this system of packing, be to 
the diameters precisely as v^2 : 1. Find the diameter of a small 
sphere that will just fit in between the three spheres as represented 
in the section. It is exactly 2'17687. But w^e have already found 
that the diameter of an atom of silver, both in the free state and in 
combination, measures at ordinary temperatures 2*1715, an extra- 
ordinary coincidence. The difference between this number and 
that just obtained, 2*1769— 2*1715 = 0*0054; again, the difference 
between the diameter of the atoms of iodine in the alkaline iodides 
at ordinary temperatures and the atoms of iodine in silver iodide at 
142° is 3-439-3*2 = 0*239, and these two numbers (0'0054 and 
0*239) probably approximately represent the change in dimension 
of the constituent atoms of silver iodide as the temperature of this 
substance is raised through a range of 180°. Calculating from the 
coefficients given by Fizeau, the expansion of 0*0054, which we have 
found for the silver, is just twice that which it would experience in 
the free state. 

Up to the critical point, when the interval between the iodine 
atoms has become large enough to allow the atoms of silver to pass 
between them, the atoms of silver have been supported by the atoms 
of iodine and have supported iodine in their turn ; all the atoms 
have been subject to molecular pressure, but directly the critical 
position is attained, the atoms of silver are driven by this internal 
pressure into the middle of cubical clusters of atoms of iodine and 
partly or wholly released from pressure, the atoms of iodine alone 
then sustaining the crystalline fabric. It is not wonderful under 
these circumstances that the spectrum of silver iodide should differ 
markedly when observed below and above the critical point. Thus 
Wernicke has observed that at a high temperature the spectrum (of 
silver iodide), like that of solid and liquid iodine, contains no blue 
nor violet light. In the normal state, below 138° 0., silver iodide 
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gives a spectrum less bright, but twice as long and particularly 
developed in the blue and violet spectrum.^ 

The passage of silver iodide from one form to the other is, as has 
been stated, sudden and abrupt. This necessarily follows, from the 
geometrical conditions of the case. On reference to fig. 5 it will be 
seen by inspection that while a gradual descent of the atoms of 
silver may take place so long as their centres are situated above the 
centres of the atoms of iodine, against which they glide, yet directly 
after they come to lie in the same plane, a sudden descent must take 
place to a definite extent, which is given by the formula DOi — DO2 
= ^1+^2 — 2ri cos^, or by the equivalent v^(3rir/--4?'i^), where n is 
the radius of the large spheres, rg of the small spheres, and O1O3 the 
distance through which a sudden descent occurs. 

The instantaneous descent of the silver which thus takes place is 
accompanied by a sudden change of volume in the compound itself j 
as determined by Rodwell, the volume diminishes from 1*01575 to 
I'O, as the temperature passes above 142^, the maximum density of 
the salt then being attained. In the collocation of spheres which 
we have imagined, it is possible to compare the bulk before and 
after the critical point is passed very simply. A tetrahedron is 
constructed by joining the centres of three spheres of iodine beloWj 
which are in contact with one of silver lying on the axis above, with 
a fourth of iodine, also on the vertical axis and attached to the 
single sphere of silver. The ratio of the volume of this tetrahedron 
is directly proportionate to the whole volume of the structure^ 
whether in the cubic or hexagonal systems, and at the critical point 
the volumes are directly proportionate to the heights of the respec» 
tive tetrahedra. From this we find that the volume before contraction 
is to that after as 114 : 100, amply sufficient, and, it might be 
objected, superfluous ; for the contraction, as observed by Rodwellj 
only amounted to from 1016 to 1000. This is a case, however, in 
which theory proves more correct than observation, for Mallard and 
Ohatelier have shownf that Eodwell's results are erroneous, owing,, 
as they remark, to his having deduced the cubical expansion from 
the linear extension, as though silver iodide were an isotropic body. 
These observers were able to bring about the transformation from the 
hexagonal to the cubic structure by the application of pressure 
(4,000 kilograms to the square centimetre), and they found that 
the ratio of the volumes before and after change, was as 116 to 100, 
which gives a coefficient ten times as great as that of Rodwell, and 
very closely in agreement with that (114) which we have theoretically 

* Wernicke, * Pogg. Ann.,' vol. 143, mde Hodwell, ' Proc. ^B^oj. Soc.,' vol. 25, 
p. 206. Wernicke accounts for this by supposing some of the iodine to be liberated 
from combination. 

t ^Bull Soc. Min.,' vol. 7, 1884 j ' Jonrn. Plijs.,' vol. 4, p. 305, 1885. 
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deduced. Under the influence of rising temperature, the change 
was smaller, from 111 to 100, but this value is said to be merely 
approximate. That the change of volume should be smaller is not 
unintelligible ; the direct effect of pressure is to bring about a 
change of configuration, which is unstable, since the substance 
reverts to its original state directly the pressure is relieved ; the 
direct effect of heat, on the other hand, is to produce an expansion 
of the atomic volumes, and the change of configuration follows only 
as a consequence of this. In the difference between the value 111 
and 116 we should have a measure of this increase in atomic 
volume, but for the probability that an expansion of atomic volume 
may take place, as a consequence of the change of configuration 
which results from the action of pressure. It is of interest to note 
that the amount by which the pressure must be reduced to reverse 
the operation and bring back the substance to the original state is 
only one-half of that required to produce the change directly ; the 
reversal also takes place much more rapidly than the direct trans- 
formation. 

It is to the beautiful observations of Fizeau that we owe our 
knowledge of the change in dimensions of silver iodide measured in 
relation to its crystalline axes. Along the axis c, Fizeau found a 
negative coefiicient of expansion of --0'0()000397 ; along two rect- 
angular axes in a plane normal to c he found a positive coefiicient of 
0*00000065. These were for a mean of 40^^ over an interval of from 
— 10° to 70° ; the coefficient of variation Aa/A^ was found to be for 
c — 4*27, for the other axes 1*38. Thus for the mean temperature 
the coefficient of contraction is six times that of the coefficient of 
expansion. A very significant relation, but not more so than the 
fact that the contraction increases as the temperature rises, and, as 
Hodwell's observations seem to prove, the increase becomes very 
considerable as the temperature rises above 70°. Every geometer 
will perceive at once that these relations are in absolute har- 
mony with the conception we have framed of the ordering of the 
molecules in the crystal. They directly depend on the changing 
ratio of the sine and cosine of the angle 9 as the small sphere {Ag) 
of the figure (fig. 6) is squeezed out from the three larger spheres 
(J) against which it is pressed (only one of these spheres (J) is 
shown in the figure). As the iodine atoms approach each other, 
with fall of temperature, the line aO will revolve round (i as a 
centre, and thus the vertical parameter will expand as the hori- 
zontal contracts. From the coefficients given by Fizea.u, it follows 
that at his mean temperature of 40° the angle 9 is 9° 18' -, from the 
crystallographic measurements of Zepharovich, made presumably at 
the ordinary temperature of the air, and therefore at or about 15° 
this angle appears to have become 22° 17^^, as calculated for me by 
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Vertical section througli one edge and centre o£ a face of a rhomboliedrcn of 

three slieets. 



Pig. 4. 



Fig. 5 
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Professor Miers. The ratio of sine and cosine for this angle is 
0*41 : I'O, wHcli gives tlie relation that should subsist by hypothesis 
between the coejB&cient of expansion along the axes a and c at 
16° 0. FIzeau's observations fail us here, and I look forward 
with interest to fresh determinations of these constants, which 
Mr. Tutton has kindly promised to make- for me. It is now 
possible to trace out the series of changes which silver iodide un- 
dergoes as it falls in temperature from 150° downwards ; at 146° 
(Mallard and Ohatelier) or 142° (Rodwell) it possesses cubic symmetry, 
because the atoms of iodine are out of all proportion so much 
larger than those of silver, that the latter cease to be operative as 
elements in the crystalline structure ; the iodine atoms are arranged 
to form cubes which we may picture to ourselves as rhombohedra 
with an angle of 90° ; every iodine atom is chemically united 
with an atom of silver which depends from it into the central space 
within a rhombohedron ; as the iodine atoms become smaller, with 
loss of energy, this space becomes too small to contain the silver 
atom which is consequently forced outwards or upwards ; as it passes 
out of the rhombohedron of 90° the vertical parameter of the latter 
is necessarily lengthened, while its horizontal parameters are 
shortened ; the change in dimension of the vertical parameter, 
which occurs as soon as the centre of the atom of silver begins to 
move above the plane containing the centres of three surrounding 
iodine atoms, is excessive as compared with that of the horizontal 
parameter, but the difference is diminished by the diminishing ratio 
between the diameters of the two different kinds of atoms ; at 15° the 
difference of the two coeflBcients is probably nearly as 3 : 1 ; it will dimi- 
nish rapidly with further cooling, and, before the atoms of silver assume 
a position in which the radius vector drawn from them to the iodine 
atoms, about which they revolve, makes an angle of 45° with the 
parameter Oa, the expansion along the vertical axis will cease and 
be replaced by contraction, unless, indeed, as this crisis is approached 
the diameters of the atoms should fall within the ratio of 1 : 0*729, 
when the crystal would once again become cubic. 

In the study of molecular volumes we hold the key which is 
destined to unlock the secret of crystal structure so long concealed. 
We shall eventually discover by its means, in connection with other 
studies, the relative and absolute dimensions of all the elementary 
atoms, and probably not only this but also their true forms— for it 
is possible that they are not all spheres. 



